ABSTRACT A wideband half-mode substrate integrated waveguide (HMSIW) power divider with bandpassfiltering response using the slotline isolation technology is presented in this paper. Resistive slot on the bottom layer is employed to improve the output isolation. To obtain filtering response, L-type slot line and two multimode SIR resonators loaded symmetrically at two sides of the input transmission line are employed to generate transmission zeros at upper stop band. In addition, filtering response is achieved by combining the inherent high-pass characteristic of the HMSIW and the TZs. The equivalent circuits are presented and analyzed by using even-and odd-mode method, and the relative design equations are derived. The measured return loss of the HMSIW power divider is about 10 dB and its isolation is greater than 15 dB from 3.8 to 5.8 GHz. All measured results show reasonable agreement with the simulated ones.
I. INTRODUCTION
In the modern industrial electronic applications and wireless communication systems, various high performance passive and active components are highly desirable. Power divider is one of these critical components in modern industrial electronic system, and widely used in antenna arrays, power amplifiers and multiplexers. Metal waveguide power dividers [1] , [2] are employed due to their low insertion loss and high power capacity, but their applications are limited because of the large size, high cost, and difficulty of integration. Meanwhile, the microstrip power dividers [3] - [5] are popular for the advantages of the compact size, low cost, and easy integration, but they have the disadvantages of high insertion loss and low power capacity. The substrate integrated waveguide (SIW) can overcome the above disadvantages and combine the merits of their virtues, which has the properties of high-Q, low loss and easy integration. The bandpass filter [6] , [7] is another important component in communication systems to select specific frequency. To achieve miniaturization and filtering response simultaneously, the power dividers and filters are often integrated.
In recent years, several kinds of SIW power dividers have been designed in [8] - [13] , classified as radial-cavity-type [8] , [9] , T-junction type [10] , [11] , Y-junction type [12] , and Chained type [13] . To decrease the circuit size further, the concept of half-mode SIW (HMSIW) was introduced in [14] . Compared with the SIW power dividers, power dividers using HMSIW can achieve compact size without increasing the fabrication complexity. In addition, the isolation techniques of the power dividers have been reported in [15] - [17] . In [15] , the slotline was etched on the top layer of the conductor, and four unequal terminating resistors across the slotline are used to achieve high isolation.
To achieve good output matching and isolation, distributed resistor and a broad-wall slot without isolation are utilized separately in the power dividers [16] . Resistive coupling slot on vertical and lateral HMSIW Y-junction are used simultaneously in a multi-layer HMSIW power divider [17] . And in [18] - [20] , a dumbbell-shaped slot located under the transmission lines with a chip resistor is employed to improve isolation. The slots here are used between the out-of phase output ports. All the aforementioned designs have proven that resistive slot is efficient to improve output isolation.
In this paper, based on the slotline isolation technology, a wideband HMSIW power divider is proposed, analyzed, fabricated and measured. To obtain the filtering response and improve the upper stop band rejection, the transmission zeroes introduced by L-type slot lines and two multimode SIR resonators and the high-pass characteristic are integrated. Meanwhile, the good isolation can be obtained with proper design of length of the slotline and the radius of the etched circle at the end of slotline. The equivalent circuit and evenand odd-mode method are employed to guide the design.
II. DESIGN THEORY
A. BROADBAND HMSIW POWER DIVIDER USING SLOTLINE ISOLATION TECHNOLOGY Fig. 1 is the presented HMSIW power divider using slotline isolation technology. The presented HMSIW power divider includes the input/output microstrip transmission lines, the short/open-circuited slotline with isolation resistor, the HMSIWs, and the SIW-to-microstrip line transition. To improve the isolation performance of the power divider, an open/ short-circuited slotline is etched on the bottom layer and the isolation resistor R is soldering across the slotline.
The cutoff frequency of the HMSIW is determined by the width of the HMSIW, and the width of the HMSIW could be set initially a half of the equivalent SIW structure [21] 
where the d is the diameter of the vias, s is the center-to-center spacing and W h is the width of the HMSIW. A microstrip taper is used as the SIW-to-microstrip line transition and the width of which can be designed [22] 1 w 1 =
4.38
w e e −0.627
where w e is the effective width of the rectangular waveguide, which is equivalent to the corresponding SIW and can be calculated by the method in [23] . The length of the taper L 2 can be chosen as a quarter-wavelength to obtain a good return loss. Due to the symmetry of the power divider, it is convenient to analyze the circuit by using the even-and odd-mode method. The cross section of slotline and microstrip line is analyzed firstly, as shown in Fig. 2 . Under the even-mode excitation, the symmetry plane P-P 1 in Fig. 2(a) can be equivalent to a magnetic wall [24] . The circuit can be separated into two parts with characteristic impedance of Z even by the symmetry plane P-P 1 , and the EM field is of quasi microstripline mode, as shown in Fig. 2(b) . Z m indicates the characteristic impedance under quasi microstrip-line mode. Field distribution of even-mode is depicted in Fig. 2(b) . Under the odd-mode excitation, the symmetry plane P-P 1 in Fig. 2(a) can be regarded as an electric wall. The circuit is divided into two transmission line parts with characteristic impedance of Z odd , and the field is of quasi slotline mode. Z s indicates the characteristic impedance under quasi slotline mode. Field distribution of odd-mode is shown in Fig. 2 (c). 
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Therefore, under the even-and odd-mode excitation, the characteristic impedance of the transmission line can be written as Fig. 3 shows the transformation from structure 1 in Fig.1 to the Wilkinson power divider. It can be seen that the presented slotline isolation structure has the similar performance with the conventional Wilkinson power divider which is in-phase power dividing. Thus, the value of the isolation resistor should be 100 ohm, and the length of slotline L3 is quarter-wavelength at the center frequency. Then, the whole equivalent circuit can be obtained and depicted in Fig. 4(a) . Under the even-mode excitation, the voltages at two outputs are equal in amplitude and phase. There is no current flowing through the isolation resistor R L . Then, further simplification of even-mode equivalent circuit is shown in Fig. 4(b) . Thus, the input impedance at port 1 can be given by
where Z e 1 can be obtained from equation (3) . The impedance Z 2 is determined by the widths of HMSIW and slotline with length of L 5 , and impedance Z 3 can be derived from the width of HMSIW. When Z even,in = 2Z 0 , the even-mode equivalent circuit achieves impedance matching. Hence, the evenmode equivalent circuit can be obtained through adjusting the length of θ 2 and θ 3 .
Under the odd-mode excitation, the voltages at two outputs are equal in amplitude and reverse in phase. The odd-mode equivalent circuit can be simplified and depicted in Fig. 4 (c) . Thus, the input impedance at port 2 can be written as
Z odd,in2
where Z o 1 can be obtained from equation (4), and electric length θ 1 is determined by quarter-wavelength of slotline corresponding to the center frequency. When Z odd , in = Z 0 , the odd-mode equivalent circuit achieves impedance matching. Thus, the good impedance matching for the odd-mode equivalent circuit can be obtained by properly tuning R L .
To achieve bandpass filtering response, the transmission zero is introduced by the L-type slot line, and combining with the high-pass characteristic provided by HMSIW. Parameter analysis by full-wave electromagnetic software is used to design the whole circuit. The frequency response with varied length of slotline is depicted in Fig. 5 . As it can be seen in Fig. 5 (a) , longer L 4 will result in better impedance matching of the input port. Meanwhile, the operating bandwidth is influenced by the length of L 5 , as shown in Fig. 5 (b) . The transmission zero declines with the increase of L 5 , while the out-of-band rejection level stays unchanged. Hence, when the operating bandwidth is determined, the cut-off frequency is VOLUME 6, 2018 The isolation characteristics versus different parameters are shown in Fig. 6 . Fig. 6 (a) illustrates the isolation characteristics with and without slotline. It can be seen from Fig. 6 (a) that the isolation near center frequency is only about 6 dB without slotline isolation. After using slotline isolation, the isolation is above 13 dB within passband and 20 dB at center frequency. It can be seen that the isolation performance has been improved greatly. Moreover, Fig. 6 (b) and Fig. 6 (c) illustrate the isolation characteristics versus length L 3 and radius R 1 of the slotline. It can be seen that the influence of both parameters on the isolation characteristic is consistent. The frequency of the best isolation point declines with longer slotline and larger radius of the open-end, since the open-end slotline can be regarded as a resonator. Therefore, good isolation characteristic can be achieved through choosing the length of slotline and radius of the open-end properly. 
B. TWO-WAY BROADBAND HMSIW POWER DIVIDER USING SLOTLINE ISOLATION TECHNOLOGY AND MULTIMODE SIR
Though the wideband power divider is realized by using HMSIW and slotline isolation, the upper stopband rejection is narrow, as shown in Fig 5(b) . Traditional methods to improve out-of-band rejection can be summarized as two types. One is loading the low-pass filter unit, the other is loading the resonators. The advantage of loading low-pass filter is achieving wide stopband. However, low-pass filters usually have the characteristic of large size, which will result in the larger circuit size. Meanwhile, the complexity of the circuit design will be increased by the selectivity and impedance matching characteristics within the passband of the lowpass filter. The main purpose of using loaded resonators is creating transmission zeroes at the specified location, which can improve the out-of-band rejection and the frequency selectivity. Since single mode or multimode can be chosen according to situation, the choice of resonator is more flexible. Moreover, due to the small size of resonator unit when integrated into circuit, the whole circuit can be more compact.
To improve the upper stopband rejection, the multimode stepped impedance resonator (SIR) is used in this design. The topology of the proposed multimode resonator is illustrated in Fig. 7 (a) . The conventional SIR is the quarter wavelength resonator which is composed of two sections. As shown in Fig. 7 , θ 2 and θ 3 are the electric length of the two microstrip sections with characteristic impedance of Z 2 and Z 3 , respectively. The multimode resonator consists of the conventional quarter wave-length SIR and the inductive stub, which is composed of grounded via and high impedance microstrip line. Due to the symmetric characteristic of the resonator, even-and odd-mode method is used to analyze the multimode resonator. Even-and odd-mode equivalent circuits are shown in Fig. 7 (b) and Fig. 7 (c) , respectively. Under the even-mode excitation, the input admittance can be written as
where
, B V stands for the input admittance of grounded via [25] . Meanwhile, input admittance under odd-mode excitation can be derived from
The fundamental resonance condition for odd-mode equivalent circuit can be achieved by applying
From (9), (10) and (11), the following equations can be obtained
Hence, the resonant frequency of the multimode resonator can be determined by tuning the electric length and admittance ratio. The upper stopband rejection with and without multimode SIR are illustrated in Fig. 8 . It can be seen that the passband transmission is not influenced after inserting the multimode SIR resonator, and the upper stopband rejection is improved by the two additional transmission zeros. The rejection is greater than 20 dB from 6.9 GHz to 8GHz. Based on the analysis of the multimode SIR resonator, two resonators are added at the two sides of the input transmission line. Final circuit structure of the proposed two-way power divider is depicted in Fig. 9.   FIGURE 9 . Circuit structure of the proposed power divider. VOLUME 6, 2018 In conclusion, the design procedure is summarized as (1) . The width of the HMSIW (W 1+W 2) is determined by the lower cutoff frequency of the passband from equation (1) . After the width is obtained, the width of taper W 1 can be derived from equation (2) , and the length L2 equals quarterwavelength.
(2). Length of L3 is quarter-wavelength corresponding to the center frequency. And the value of isolation resistor R is 100 ohm.
(3). Optimize the L4 to improve impedance matching of the input port. Then tune the slotline with length of L5 to determine the transmission zero at higher frequency.
(4) To improve the stopband rejection, two transmission zeros at the higher frequency are introduced by two SIR resonators. The two SIR resonators are loaded symmetrically at two sides of the input port. Ls1, Ws1, Ls2, Ws2, Ls3, Ws3 can be derived from equation (9) to (12) .
III. EXPERIMENTAL RESULTS
To verify the proposed structure, the proposed power divider using slotline isolation technique and multimode SIR resonators was fabricated on a Taconic RF-35 substrate with relative dielectric constant of 3.5, thickness of 0.508 mm and loss tangent of 0.0018. The dimension of the proposed circuit is shown in the Table 1 , and the isolation resistor R = 100ohm. The photograph of the fabricated power divider is presented in Fig. 10 . The total size of the power divider is 38mm × 66mm. The simulated and measured results of the power divider are displayed in Fig. 11 . It can be seen in Fig. 11 (a) that   FIGURE 11 . simulated and measured results of the broadband HMSIW power divider (a) input return loss and insertion loss (b) output return loss (c) isolation.
the center frequency of the measured passband is located at 5 GHz, the return loss is more than 10 dB from 3.8 GHz to 5.8 GHz. The insertion loss within passband is from 1.2dB to 1.7 dB. The lower stopband with rejection level more than 15 dB is from 0 to 2.6 GHz, and the upper stopband with rejection level more than 17 dB is from 6.7 GHz to 8.6 GHz. The simulated and measured return losses are shown in Fig. 11 (b) . As can be seen from the graph, return loss of two outputs are better than 15dB. Isolation between two ports is shown in Fig. 11 (c) , and measured isolation is better than 15 dB within the whole passband. The measured results show reasonable agreement with simulated results. Table 2 shows the comparison with the conventional HMSIW power dividers in [9] , [12] , [13] , and [17] . It can be seen that the presented power divider has the advantages of wide bandwidth, high selectivity and good isolation inband. When compared with [9] , this work achieves much wider filtering bandwidth. And when compared with [12] , [13] , and [17] , it can be seen that the proposed power divider exhibits filtering response, high selectivity and good isolation performance. 
IV. CONCLUSION
In this paper, a novel HMSIW power divider using slotline isolation technology and multimode SIR resonators is introduced, analyzed and fabricated. Filtering response is achieved by combining the high-pass function of the HMSIW and transmission zeros introduced at upper stopband. Meanwhile, upper stopband rejection level is improved by adding two multimode SIR resonators at two sides of the input transmission line. By utilizing resistive slotline, good isolation characteristic is obtained. The simulated and measured results with good agreement are presented to validate the analysis. And it can be seen from the measured results that the proposed power dividers has the advantages of compact size, broad band, good isolation and good frequency selectivity. From 1985 to 1989, he was interested in microwave integrated circuits. He has authored or co-authored over 100 papers, and 80 of which are searched by SCI and EI. His research interests include millimeter-wave communication, electromagnetic theory, millimeter-wave technology, and millimeter-wave systems.
